Chirabite-AR was employed to differentiate enantiomers of the axially chiral cyclotriveratrylene (CTV)-derived macrocyclic lactam with baseline separation of most of the proton NMR resonances enabling enantiomeric purity determination of this supramolecular scaffold.
Introduction
Chiral cyclophanes have applications in enantiodiscrimination processes including catalysis, recognition and sensing, determination of enantiomeric excess, and signaling chiral information of guests, [1, 2] as with chiral molecular tweezers that exhibit selective binding and chiral recognition of specific guests. [3] Cyclotriveratrylene (CTV, 1) [4] is a natural product and was first isolated from the bark of Zanthoxylum conspersipunctatum found in New Guinea. [5] CTV and its [1.1.1]cyclophane congeners in their rigid crown conformation are unique bowl-shaped molecules that have applications in sensors, self-organized materials, liquid crystals, and metallosupramolecular chemistry. [6] CTV and its cryptophane derivatives are of great interest in molecular recognition. [7] They are members of a larger family of inherently axially chiral concave molecules that have applications in chiral recognition and asymmetric synthesis. [2] A chiral CTV derivative bearing Kemp's triacid was shown to induce triple helix formation of collagen peptides. [8] A dynamic thermodynamic resolution strategy was recently reported of racemic CTV units by addition of remote stereogenic centers. [9] Helically chiral CTV units have been employed to construct enantiopure molecular cages, [10] along with a host of elegant CTVderived coordination cages. [11] Some of the fascinating supramolecular structures of selfassembled cages derived from CTV-type scaffolds have recently been reviewed, [12] such as a racemic C3-symmetric bipyridyl-bearing CTV ligand with zinc shown to self-assemble into triply interlocked chiral catenanes within an overall chiral crystal. [13] CTV-based host compounds bearing three binaphthol moieties have been reported as chiral sensors with recognition of sugar derivatives. [14] The crown form of cyclotriveratrylene can undergo umbrella inversion that inverts chiral derivatives into their enantiomeric counterpart, as Collet demonstrated by observing the slow racemization of structurally chiral cyclotriveratrylene derivatives. [15] Resolution and NMR studies have been performed on the crown and saddle conformers of a CTV derivative toward chiral liquid crystals. [16] While most work with CTV has focused on peripheral functionalization, we have focused on apical functionalization, enabling attachment of CTV "bowl-out" receptors on surfaces, [17] including desymmetrized C1-symmetric derivatives that are also of interest. [18] The parent 9-membered cyclophane 1 ( Figure 1 ) is under ambient conditions locked into the bowl-shaped crown conformer. Elegant high temperature melt and quench experiments by Zimmerman first enabled isolation of the saddle conformer of CTV. [19] In contrast, the corresponding CTV monoketone 2 exists exclusively as the saddle conformer, [4] and resolves upon crystallization in a chiral conformation, as a racemic mixture of enantiomerically pure chiral crystals. [20] We discovered that the corresponding oxime 3 exists as a slowly equilibrating mixture of crown and saddle conformers that are separable, [21] and reported the kinetics and thermodynamics of their interconversion. [20] Furthermore, oxime 3 undergoes facile Beckman rearrangement to afford the macrocyclic lactam 4 [22] which is axially chiral and thus potentially resolvable into its atropisomers.
Current interest in synthetic macrocyclic receptors includes applications in chiral analysis and separation, [23] as well as in supramolecular chirality in self-assembled systems. [24] Ema has developed chiral selectors with multiple H-bonding sites in macrocyclic cavities [25] [26] [27] including the commercially available Chirabite-AR. While the macrocycle of CTV-lactam 4 contains a larger 10-membered ring, amide resonance [28] reduces flexibility through restricting rotation around the carbonyl C-N bond. We were interested if Chirabite-AR, which is designed for determining the enantiomeric purity of small molecules that can ideally be contained within its macrocycle, might be usable to determine the enantiomeric purity of larger supramolecular axially chiral scaffolds such as CTV-derived lactam 4. Furthermore, we addressed the possibility that lactam 4 might be resolvable via attachment of a chiral auxiliary through N-functionalization of lactam 4, given its ability [29] to undergo acylation in high yield to imide derivative 5. can also be differentiated. Furthermore, the aromatic Ar-H peak at 6.7 ppm was clearly resolved giving near-baseline separation using a very low Chirabite-AR loading (0.05 eq). In the methoxy region from 3.7 to 4.05 ppm, shown in Figure 3 , signals of nearly all methoxy moieties from both enantiomeric lactams were split into separate peaks, especially when using 0.175-0.20 Recrystallization from DCM/hexane provided X-ray quality crystals but did not alter the diastereomeric ratio from 87:13, which was the same ratio obtained from ethyl acetate/heptane. Ortep plots and figures showing disorder of 6a and 6b are given in the SI (Fig. S1 -S3 ).
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The type of disorder observed for 6 is not unprecedented. A similar behavior had been previously observed for the acetyl-substituted counterpart of 6, N-acyl imide derivative 5. [29] The latter had been crystallized as a racemic mixture, with molecules located on and bisected by a crystallographic mirror plane, thus inducing whole molecule disorder not too dissimilar from that observed for 6. The geometry and conformation of the CTV-imide section in 5 and 6 closely resemble each other. Both molecules have the bowl shaped appearance typical for CTV and its derivatives, [4, 6] and the CTV-imide sections are virtually superimposable (Figs S4), with only slight deviations for the outer substituents, mostly torsion angles of the methoxy groups. In menthyloxy-substituted lactam 6, all methoxy groups are in plane with the benzene rings to which they are substituted, as is usual for sterically unencumbered polymethoxy benzene derivatives. [30] In N eq Chirabite-AR (C), rather than with 0.30 eq Chirabite-AR (D), presumably due to the excess hydroxide present in the reaction mixture that is competing with Chirabite and its interaction with lactam 4. These results indicate that once the chiral auxiliary is cleaved, the bowl inversion is quite rapid furnishing lactam 4 as a racemate, with a barrier to interconversion of less than 21-25 kcal/mol, which was the barrier to interconversion determined for the crown and saddle conformers of CTV-oxime 3.
[20] 
, since a saddle conformer must be an intermediate in inversion and racemization of the chiral crown conformer. [4] Density functional theory (DFT) calculations (M06 2X /6-31G*) on lactams 7a-c were performed using Spartan '16 (Wavefunction, Inc., Irvine, CA). It was found that the saddle conformer 7b is 7.1 kcal/mol higher in energy than the crown conformer 7a, and the sidesaddle 7c is 8.6 kcal/mol higher in energy than the crown 7a, consistent with the observation of only the crown conformer in the crystal structure of 5. We reported earlier for the 9-membered ring CTV oxime 3 that the saddle conformer is 3.15 to 5.23 kcal/mol (13.2 to 21.9 kJ/mol) higher in energy than the more stable crown conformer. [20] Thus the saddle conformers for the model lactam 7 that were examined are higher in energy than for the smaller macrocycle CTV oxime 3, yet the transition state to the saddle conformer must be easily surmountable at room temperature to enable racemization of CTV lactam 4. 
Experimental Section

DFT Calculations
Calculations at the density functional level of theory were performed using Spartan '016 by Wavefunction, employing the M06 2X functional and the 6-31G* basis set according to a previously-described protocol.
[31]
10,15-Dihydro-2,3,7,8,12,13-hexamethoxy-5H tribenzo[a,d,g]cyclononen-5-one (CTV-
Monoketone) 2
The procedure was improved from the previously-reported synthesis. (51.00 g) was placed into a 250-mL glass reactor (2-necked), equipped with a large magnetic stir bar, J-Kem thermocouple, heating mantle, and reflux condenser. To the reactor was added acetonitrile (150 mL, HPLC grade). The mixture was heated to 70 °C and the slurry was stirred (250-300 rpm) at 70 °C for 18 hours. The slurry mixture was allowed to gradually cool to room temperature over 4 hours, then continued to stir at room temperature for approximately 3 hours.
The slurry was filtered over a fitted funnel (medium porosity), the wetcake was washed with acetonitrile (60 mL), dried by suction, and further dried in vacuo at 60 °C overnight to give purified CTV monoketone 2 (32.54 g white solid, 65% yield). The mother liquor was partially concentrated to remove about 75% of the solvent to provide a slurry. The slurry was filtered and the wetcake was washed with ethyl acetate/heptane (50/50, 10 mL) and dried to give a second crop (15.8 g, 31% yield, white solids) of purified CTV-monoketone 2. The 1 H NMR data are in accordance with those reported in the literature. In a modification of the reported [21] procedure, to a 500-mL glass reactor (3-necked), equipped with a magnetic stir bar, reflux condenser, J-Kem thermocouple, and nitrogen inlet, was added CTV-monoketone (19.00 g), hydroxylamine hydrochloride (42.64 g), and pyridine (190 mL).
The mixture was heated to reflux (110 °C) under a nitrogen atmosphere. After 16.5 hours, the reaction was deemed complete by TLC analysis (EtOAc/DCM, 20/80) and the reaction was allowed to cool. Concentration gave a crude residue to which was added USP purified water (250 mL) and the mixture was triturated at room temperature for 30 minutes. The slurry was filtered, and the wetcake was washed with USP purified water (2 x 50 mL), dried by suction, and further dried in vacuo at 50 °C overnight to provide a pure mixture of saddle and crown CTV-oximes as a white solid (17.63 g, 90%). Spectral data matched the reported literature.
[21]
2,3,8,9,13,14-Hexamethoxy-11,16-dihydrotribenzo[b,e,h]azecin-6(5H)-one (CTV-lactam) 4
The previously-reported procedure [22] was modified to avoid thionyl chloride, and with good yield from a mixture of crown and saddle conformers. racemic CTV-lactam, the sample was placed into the NMR spectrometer, analyzed, and then the next charge of Chirabite-AR solution was added followed by NMR analysis in sequential order.
Hydrolysis of CTV
Supporting Information
Supporting information and ORCID(s) from the author(s) for this article are available on the WWW under https://doi.org/???. CCDC-1844285 contains the supplementary crystallographic data for this paper. These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
